In order to estimate zooplankton abundance with active acoustics methods, it is crucial to understand the acoustic scattering properties of the zooplankton. The associated scattering models can be used to help relate echo levels to meaningful biological parameters such as animal size and numerical density. The major challenges in formulating scattering models include the facts that there are no exact solutions for these complex bounded bodies and that the boundary conditions are difficult to determine due to animal size. In order to address these challenges, a series of laboratory-style measurements, both on land and on the deck of a ship at sea, have been conducted to study the acoustic backscattering properties of a variety of zooplankton. Most animals were freshly caught. Through a combination of analyses involving echo spectra, time-series (pulse compression), and echo statistics, the dominant scattering mechanisms have been identified and incorporated into approximate analytical formulations for the zooplankton according to their respective anatomical group. Comparisons are made between the formulations and data for both single pings, echo amplitude distributions, and averages of echoes.
LABORATORY-STYLE EXPERIMENTS

LOCATIONS:
The experiments were conducted over the Georges Bank region (near Cape Cod, MA) at sea on the decks of the RV Oceanus and RV Endeavor in a 2.4-m-diameter tank as well as in a 3.7-m-long by 2.4-m-wide tank in a laboratory at the Woods Hole Oceanographic Institution. FREQUENCIES:
The laboratory setups included acoustic transducers spanning the frequency range 24 kHz to 1 MHz. Most of the transducers were powerful single frequency units, while certain ones in the upper frequency range were broadband with a bandwidth of approximately one octave. ANGLE OF ORIENTATION:
Angle of orientation was either determined with a video camera or was controlled with a computer-controlled stepper motor (0 -360 degrees in l-degree steps). ANIMALS:
The animals spanned a wide range of anatomical groups: 1) fluid-like (euphausiids and shrimp), 2) elastic shelled (marine snails, both benthic and pelagic), and 3) gas-bearing (siphonophores) (Fig. 1) . For the at-sea experiments, the zooplankton were caught over the Georges Bank region and used within about two days of capture.
For the land-based experiments, they were caught locally and maintained in a holding tank before experiments were performed. All experiments involved live animals with the exception of one series which involved empty shells of benthic snails. 
SCATTERING MODELS AND COMPARISONS WITH DATA
The formulas varied widely depending upon both the anatomical group that the animal was in as well as the application (e.g., ensemble average, echo statistics)(l)- (6) .
The models are summarized as follows: FLUID-LIKE BODIES. These animals are weak scatterers in that their material properties (sound speed and mass density) are close to that of the surrounding water. Two approaches have been used here, one involving a ray analysis which is simple to compute and yields accurate results for certain important cases. The other involves the Distorted Wave Born Approximation (DWBA) which is much more general, but is more involved computationally. RAY SUMMATION:
Two-rays. For applications of single ping analysis near broadside and ensemble averages for averages over angles of orientation that include the mainlobe of the directivity pattern, a two-ray model has been formulated in which one ray is scattered from the front interface of the animal and one is scattered from the back interface. The ray formulation is accurate for all ka greater than 0.1 (k is the acoustic wavenumber and a is the cylindrical radius). This formula compares favorably with data and certain classes of numerical evaluations of the (more general) DWBA. Six-rays. For description of ping-to-ping echo variability for angles well off broadside incidence, a six-ray model is sometimes used to (qualitatively) account for other parts of the body that contribute significantly to the scattering. DISTORTED WAVE BORN APPROXIMATION: This volume integration approach is much more general than the ray method as there are far fewer restrictions.
The scattering has been formulated in terms of a variety of body taper functions ranging from smooth to rough. The formula is generally valid over all kfl and angles of orientation and can be used for single pings, echo variability, and echo averages. Its ability to describe the scattering by zooplankton depends upon proper choice of the body taper function and material properties.
This method is particularly useful (compared with the ray approach) when the application involves irregular boundaries and/or off-broadside incidence.
ELASTIC-SHELLED BODIES. These animals have hard thin elastic shells that are irregular, have discontinuities, and are filled with tissue. Two approaches have been used here, one involving a ray model which has been useful for single ping analysis and ensemble averages in the high ku region and the other involving a modal-series-solution which has been useful to describe the scattering averaged over angle of orientation for all ka .
RAY SUMMATION:
A simple approximate formula that describes contributions from the scattering from the front interface and a circumnavigated Lamb wave (with roughness-induced attenuation) has been derived. This approach has been compared with reasonable agreement with data above ka = 1 which reveals a subsonic Lamb wave apparently attenuated due to the irregular shell. MODAL-SERIES SOLUTION: The exact modal series solution for a fluid-filled elastic spherical shell has been averaged over a range of sizes to account for the variable radius of curvature of the body. The averaged solution has shown fair-to-good agreement with data over the entire range of ka . Discrepancies involve the ka = 1 region and a resonance in the data near ka = 0.5 .
GAS-BEARING BODIES. These animals consist mostly of gelatinous tissue with a small gas inclusion. The scattering is modeled with a superposition of two models, one involving the exact modal series solution to the fluid sphere (using gas as the fluid) and various solutions for weakly scattering bodies (described above) to model the scattering by the tissue. There was generally very good agreement between theory and experiment for both the fluctuation data and average echo data.
